A point mutation in the Stat5b DNA binding domain in the nonobese diabetic (NOD) mouse was shown to have weaker DNA binding compared with the B6 Stat5b. Here, we assessed the binding ability of the mutant Stat5b in the B6 genetic background (B6.NOD-c11) and the wild-type Stat5b in the NOD background (NOD.Lc11). To our surprise, the binding ability of Stat5b is inconsistent with the presence or absence of the Stat5b mutation in these congenic mice but is correlated with the expression levels of the Crkl protein, which was coprecipitated by an antiStat5b antibody. T ype 1 diabetes is an autoimmune disease resulting from the T-cell-mediated destruction of the insulin-producing ␤-cells in the pancreas (1). Multiple environmental and genetic factors interact to precipitate the disease. The nonobese diabetic (NOD) mouse is the principle animal model for type 1 diabetes (2). Although the genetic factors responsible for the different disease stages have not yet been elucidated, genetic mapping studies have identified Ͼ20 diabetogenic intervals on different chromosomes, and these disease genes may control the development of the disease at the level of either initiation of insulitis and/or progression from insulitis to overt diabetes (3-5).
T ype 1 diabetes is an autoimmune disease resulting from the T-cell-mediated destruction of the insulin-producing ␤-cells in the pancreas (1) . Multiple environmental and genetic factors interact to precipitate the disease. The nonobese diabetic (NOD) mouse is the principle animal model for type 1 diabetes (2) . Although the genetic factors responsible for the different disease stages have not yet been elucidated, genetic mapping studies have identified Ͼ20 diabetogenic intervals on different chromosomes, and these disease genes may control the development of the disease at the level of either initiation of insulitis and/or progression from insulitis to overt diabetes (3) (4) (5) .
In our previous study, we discovered a mutation in the Stat5b gene located on chromosome 11 within the Idd4 type 1 diabetes susceptibility interval in NOD mice. The unique mutation C1462A results in a leucine to methionine (L327M) substitution (6) , which leads to a weaker DNA binding ability of Stat5b and consecutively an inapt transcriptional regulation Stat5b-regulated genes (IL-2R␤ and Pim1). These studies established the Stat5b pathway as a key molecular defect in NOD mice. Since a number of cofactors may influence the DNA binding ability of Stat5b, we determined in this study the role of the cofactors in the pathogenesis of type 1 diabetes. Our study quickly zeroed in to the v-crk sarcoma virus CT10 oncogene homolog (avian)-like (Crkl) because it was coimmunoprecipitated by the anti-Stat5b antibody. Crkl is an SH2/SH3-containing 39-kDa protein of the Crk family, which function as adapter molecules. The Crk-activated signal transduction cascades include immune responses, the modulation of cell adhesion, and cell migration (7) . Thrombopoietin and interleukin-2 induce association of Crk with Stat5 (8) and Crkl predominantly binds Stat5b (9) . In response to interferon, Crkl associates with Stat5b and binds in vitro to the TTCTAGGAA palindromic element found in the promoters of a subset of interferon-stimulated genes (10) . Association of Crkl with Stat5 in hematopoietic cells is stimulated by granulocyte-macrophage colony-stimulating factor or erythropoietin via the SH2 domain (11) . We report here reduced expression levels of Crkl in NOD compared with B6 and two diabetes-resistant congenic strains. We also demonstrate that the DNA binding ability of Stat5b is modulated by Crkl and recombinant Crkl protein can rescue the binding ability of the mutant Stat5b protein.
Our data suggest that the weaker expression of Crkl could compound the diminished DNA binding ability of the mutant Stat5b.
after 20 min as above. Nuclear and cytoplasmic extracts from spleens were prepared as described earlier (6) and protein concentration was measured using Bio-Rad protein assay. SDS-PAGE, Western blotting, and immunobloting. Cytosolic or nuclear proteins (10 g) diluted 1:4 with Laemmli sample buffer were loaded onto a 10% running gel (pH 8.3) with a 4% stacking gel (pH 6.8) as detailed in our earlier paper (6) . Gels were run on a MiniProtean III vertical electrophoresis system (BioRad) at 100 V for 3 h and the separated proteins transferred onto Sequiblot PVDF (0.2 m; BioRad) in transfer buffer (25 mmol/l Tris, 190 mmol/l glycine [pH 8.2], 40% methanol [vol/vol]) using a Mini Transblot cell (BioRad) at 15 mA constant current for each membrane for 12-16 h. The blots were developed by enhanced chemiluminescence (ECL) method per the manufacturer's instructions. The membranes were blocked in 5% blocker for 60 min at room temperature with gentle shaking, washed five times in PBS-Tween 20 (PBS-T), and incubated for 1 h with optimal concentrations of primary antibodies. After incubation the membranes were extensively washed five times (5 min each) in PBS-T and then incubated for 60 min with horseradish peroxidase-conjugated secondary antibodies. Visualization was performed using an ECL kit per the manufacturer's protocol (AmershamPharmacia). Antibodies used in immunoblotting studies were anti-Stat5b (sc-835) and anti-Crkl (sc-319) from Santa Cruz Biotechnology (Santa Cruz, CA) and anti-rabbit and anti-mouse from the ECL kit. Amplification and direct DNA sequencing of coding region of murine Crkl gene. Total RNA was extracted from splenocytes of NOD and B6 mice using Trizol kit (Sigma) according to instructions. Three micrograms of total RNA were converted to cDNA using reverse transcriptase (In Vitrogen) as described (6) and diluted 1:1 by TE buffer. Two microliters of diluted cDNA were used for PCR amplification of the entire coding region of the Crkl gene using forward primer 5Ј-ATGTCCTCCGCCAGGTTTC-3Ј and reverse primer 5Ј-AGCACAGCAATCACTCGTTG-3Ј with the mentioned conditions (94°C for 2 min for one cycle followed by 35 cycles at 94°C for 30 s, 64°C for 30 s, 72°C for 1 min 15 s, and 1 cycle for final extension at 72°C for 10 min.). The PCR products were loaded onto 1.5% agarose gel and then the DNA was recovered from the gel using QIAquick gel extraction kit (Qiagen). Purified PCR products were subjected to direct DNA sequencing using the above-mentioned primers on a Perkin Elmer 377 automated DNA sequencer. Cloning, expression, and protein purification of murine Crkl. The entire coding region of the murine Crkl region was PCR amplified with the same primers mentioned above, but the forward and reverse primer bear the SpeI and XhoI sequences at their 5Ј end for cloning purposes. The amplified PCR products were recovered from the agarose gel using QIAquick gel extraction kit (QIAgen) according to the manufacturer's instructions. The purified PCR products were digested by appropriate restriction enzymes (New England Biolabs), then the full-length Crkl gene was ligated into the pTYB11 vector (IMPACT CN New England BioLabs) using the SpeI and XhoI sites and processed for transformation of BL21 DE3 host cells (Novagen). Screening of transfected clones was performed and all 18 clones were found to be positive for the insert gene. Direct DNA sequencing of the selected clones did not provide any proof of a mutation within the gene due to cloning procedures. The pTYB11 clones containing the entire murine Crkl coding sequence were induced by 1.0 mmol/l IPTG (Sigma) for 4 h at 30°C, and purification of the protein was carried out using chitin beads (IMPACT-CN system; New England Biolabs) as recommended by the manufacturer's guidelines. FarWestern analysis. To determine direct interaction of Stat5b with Crkl, immunoprecipitated Stat5b from nuclear extracts of splenocytes of NOD and B6 mice, along with recombinant Aire and ADP proteins as negative controls, were run on native gels and transferred onto a PVDF membrane. The membrane was blocked in 5% blocker (Amersham-Pharmacia Biotech) in 1 ϫ PBS-T for 1 h at room temperature. Membranes were then incubated in recombinant Crkl protein for 1 h followed by five washes with PBS-T each for 5 min. Then, membranes were incubated with anti-Crkl rabbit antibody conjugated with HRP for 1 h. The membranes were washed thoroughly and signals were detected using an ECL kit (Amersham-Pharmacia) according to the manufacturer's instructions. Profection. Splenocytes were cultured and profection (protein transfection) was done using ProVectin reagent (Imgenex) per the method detailed below. Splenocyte culture. Spleen tissue was dissected, freed of adhering fat, and washed in sterile Hank's balanced salt solution (Gibco). Mouse spleen was cut into several small pieces and ground between two sterilized frosted microscope glass slides. The cell suspension was collected in 15 ml Falcon tube and subjected to erythrocyte hemolysis using 1 ml RBC lysis buffer. The remaining debris was separated by gravity sedimentation by letting the tube stand up for about 10 min. The cell suspension was collected in another tube and centrifuged for 7 min at 2,000 rpm. The pellet was reconstituted in 1 ml Adoptive Immunotherapy Media-V (AIM-V) medium and the cell density was adjusted to 1 ϫ 10 6 cell/ml. The splenocytes were cultured in supplemented, serum free, AIM-V at the concentration of 1.0 ϫ 10 6 cells/ml. AIM-V was supplemented with 0.1 mmol/l modified Eagle's medium (MEM) nonessential amino acids, 1.0 mmol/l sodium pyruvate, 3.0 ϫ 10 Ϫ5 mmol/l 2-mercaptoethanol, 2.0 mmol/l L-glutamine, 10 .0 mmol/l HEPES, and 100 units antibioticantimycotic solution (Gibco) at final concentration. Protein transfection. ProVectin reagent was prepared per the manufacturer's instructions (Imgenex). The diluted recombinant Crkl in 25 l PBS (20 mmol/l Na phosphate, 150 mmol/l NaCl, pH 7.4) was used to hydrate the dried ProVectin reagent. AIM-V serum-free medium was added to make the volume 250 l. This profection mix was added to splenocytes and cultured for 4 h in CO 2 incubator in 96-well microtiter plates at 37°C. The splenocytes were induced for 15 min with GMCSF (1 g/ml), and cells were collected in Falcon centrifuge tubes and centrifuged for 10 min/12,000 rpm. The medium was aspirated and cells washed with chilled PBS-T and stored at Ϫ80°C. The cells are processed for cytosolic/nuclear extract preparation. Electrophoretic mobility shift assays. Electrophoretic mobility shift assays (EMSAs) of Stat5b were done exactly as described earlier (6) . Stat5b consensus sequence (5Ј-TTTCTAGGAATT-3Ј) was used for EMSA. Complementary oligos were used to make double-strand DNA, which was end-labeled using 170 ci [␥-
32 P]ATP and T4 polynucleotide kinase. Equal amount of nuclear protein extract (5 g) was incubated with double-strand oligonucleotides (consensus/mutant) at room temperature for 20 min in a binding buffer (13 mmol/l HEPES, pH 7.9, 80 mmol/l NaCl, 8% glycerol, 0.15 mmol/l EDTA, 1 mmol/l dithiothreitol) (12) and in the presence of poly dI-dC (2.5 g/l). For supershift assay, the protein extract was first incubated with 0.8 g of antibody for 20 min at room temperature. Oligonucleotide was then added and the reaction continued for another 30 min at room temperature. The antiStat5b (sc-835X) and anti-Crkl (sc-319) antibodies are rabbit polyclonal antibodies from Santa Cruz Biotechnology. DNA protein complexes were resolved on a 5% nondenaturing gel containing 5% glycerol and 0.5ϫ Tris borate EDTA buffer (TBE). The gels were prerun in 0.5ϫ TBE for 30 min at 150 V. A total of 2 l of loading mix (40% sucrose, 0.25% bromophenol blue, and 0.25% xylene cyanol) was added to each sample before loading. The gels were run at 250 mV for the first 15 min and then at constant 150 mV for about 4 h. The gels were exposed to X-ray films and then kept at Ϫ80°C for at least 48 h. Statistical analysis. Western blots/EMSAs were digitized on a Chem-imager 4400 (Alpha Innotech). Band volumes were integrated using Phoretix 1-D image analysis software (version 5.20; Nonlinear Dynamics). The data were subjected to a two-tailed t test.
RESULTS
DNA binding ability of Stat5b in congenic mice.We sequenced the Stat5b gene to confirm the Stat5b genotypes in two congenic mouse strains that are used in this study. The B6.NOD-c11 strain is a diabetes-resistant B6 mouse with a 42-cM Idd4 interval on chromosome 11 (extending from Csf2 to D11Mit42) that was derived from the NOD mouse and contains the NOD-derived mutant Stat5b. The NOD.Lc11 (formerly known as NOD.DR-3) strain is a diabetes-resistant NOD mouse which contains a 52-cM segment (25-77 cM) spanning locus D11Mit87 to D11Mit42 from C57L/J mice and the C57L-derived wildtype Stat5b (Fig. 1A) . The C57L and C57BL/6 were derived from common ancestors and appear to share the entire telomeric half of chromosome 11, which carries the Stat5a/5b/3 complex, by dense single nucleotide polymorphism analysis (13) . The DNA binding abilities of B6.NODc11 and NOD.Lc11 Stat5b were analyzed using EMSA. The results were compared with those already obtained for the B6 and NOD mice. Protein extracts from the cytosolic and nuclear fractions were prepared from splenocytes with and without in vivo stimulation with GMCSF. Nuclear extracts were used in EMSA with the consensus DNA sequence recognized by Stat5 proteins (6) . Both B6.NODc11 and NOD.Lc11 animals showed strong gel shift with the Stat5 consensus sequence in the samples stimulated with GMCSF as compared with a negligible shift in the unstimulated preparations (Fig. 1B) . A supershift assay using a polyclonal anti-Stat5b antibody showed that the NOD.Lc11 Stat5b binding is similar to that of B6 (P ϭ 0.4) but fivefold higher than NOD (P Ͻ 0.008) (Fig. 1C) . These results are expected since the NOD.Lc11 mice carry the wild-type Stat5b gene. However, the Stat5b supershift is ϳ7-fold (P Ͻ 10 Ϫ5 ) and surprisingly 8.5-fold higher (P Ͻ 10 Ϫ4 ) for B6.NOD-C11 than B6 and NOD, respectively (Fig.  1B and C) . These results were unexpected because the B6.NOD-C11 mice have the NOD-derived mutant Stat5b, which is expected to bind DNA weakly. This observation led us to hypothesize that other factor(s) may modulate the DNA binding ability of Stat5b. Our data suggest that some cofactors should be located outside of the NODderived 42-cM chromosome 11 interval. Western blot analysis of Crkl expression. A number of cofactors may modulate the Stat5b binding ability. Western blot analyses were used to evaluate one of the important candidate proteins: Crkl. The protein concentration for Western analyses was normalized by multiple housekeeping proteins. We also found similar levels for cytosolic and nuclear Stat5b in B6 NOD, B6.NOD-c11, and NOD.Lc11, confirming our previous findings in NOD and B6 (Fig. 2) . In contrast, Crkl had a significantly higher expression in cytosol of spleen extracts from B6 than NOD (P Ͻ 10 Ϫ4 ; Fig. 2A ). To our surprise, the B6.NOD-c11 mice had higher Crkl protein in the cytosol than both B6 and NOD (P Ͻ 10 Ϫ4 ), while the NOD.Lc11 had Crkl levels equivalent of B6 (Fig. 2) . The higher Crkl levels are also found in the nuclear fractions of B6.NOD-C11 compared with B6 (P Ͻ 0.005) and NOD (P Ͻ 0.0002) (Fig. 2B) . In vitro interaction between Stat5b and Crkl. In order to study Crkl and Stat5b interaction, we produced recombinant protein using the full-length B6 Crkl gene cloned into the pTYB11 vector (Fig. 3) . The purified recombinant Crkl protein was confirmed by Western analysis with an anti-Crkl antibody and MALDI-TOF analysis of the protein (Fig. 3 ). FarWestern analysis using purified recombinant Crkl and immunoprecipitated Stat5b revealed that Crkl interacted with Stat5b from B6, NOD, and B6.NOD-c11 (Fig. 3F) . As Crkl does not bind two control proteins, the interaction between Stat5b and Crkl appears to be highly specific (Fig. 3F) . Our results also suggest that the mutant Stat5b from NOD has normal ability to bind Crkl (Fig. 3F) . In vivo interaction between Crkl and Stat5b. To confirm the potential in vivo interaction between Crkl and Stat5b, we performed immunoprecipitation using anti-Crkl or anti-Stat5b antibodies. As shown in Fig. 4 , the immunoprecipitated products using the anti-Stat5b antibody con- tain a visible Crkl band that was confirmed by Western blot with the anti-Crkl antibody. These data suggest that Crkl can bind Stat5b in vivo. In subsequent experiments we sought to determine the presence of Crkl in the Stat5b gel shift complex. EMSA was done using Stat5 consensus sequence and supershifts were performed using an antiCrkl antibody. A strong shift band was observed for GMCSF-induced samples from all four mouse strains (B6 NOD, B6.NOD-c11, and NOD.Lc11) (Fig. 5) . While there was no supershift band induced by the Crkl antibody, the shift band was completely abolished in the supershift assay with the anti-Crkl antibody when the B6 nuclear extracts were examined, suggesting the presence of Crkl in the Stat5b shifted complex (Fig. 5, lane 4) . However, the shifted band from nuclear extracts of NOD mice could not be abolished by the Crkl antibody (Fig. 5, lane 7) , suggesting the absence or reduced amount of Crkl in the Stat5b-DNA binding complex in the NOD extracts. The reduction of the Stat5b shift by the Crkl antibody is significantly different between B6 and NOD (P Ͻ 0.01), and this observation is consistent with the lower Crkl expression level in the nuclear extracts of NOD spleens. The B6.NODc11 showed heavy DNA binding, and the addition of Crkl antibody caused a decrease in the shifted band intensity (Fig. 5A ). NOD.Lc11 had shift levels similar to B6 and the DNA/Stat5b complex was abolished by the Crkl antibody (Fig. 5A ). The intensity difference in shift position with and without the Crkl antibody was quantitated to estimate the Crkl-sensitive component in the Stat5b-Crkl complex (Fig.   5B ). The Crkl-sensitive component in Stat5b-Crkl complex is highest in B6 and NOD.Lc11. B6.NOD-c11 had moderate Crkl sensitive fraction and NOD had negligible Crklsensitive component in the Stat5b-Crkl complex (Fig. 5C) . Thus, the ability of Stat5b to bind DNA is correlated with the amount of Crkl, suggesting that Crkl is an important factor for the DNA binding ability of Stat5b. Rescue of Stat5b DNA binding ability by Crkl. In order to prove that Crkl is an active partner in the transcriptional activation by Stat5b, we carried out profection studies with Crkl on splenocytes from B6 and NOD mice. Western blot analysis revealed similar Stat5b levels in cytosolic and nuclear compartments of splenocytes ( Fig. 6A and B) . The Crkl levels were higher in profected cytosolic and nuclear extracts from B6 and NOD splenocytes compared with nonprofected controls (Fig. 6A and B) . Profected B6 splenocytes exhibited significant (P Ͻ 0.00003) increase in Stat5b DNA binding ability compared with nonprofected B6 samples (Fig. 6C) . The nonprofected NOD splenocytes had weaker Stat5b DNA binding ability compared with nonprofected B6 (P Ͻ 0.005), corroborating our earlier results of a loss in the DNA binding ability for the mutant Stat5b in NOD. The Crkl-profected NOD splenocytes displayed an enhancement in Stat5b DNA binding compared with nonprofected NOD (P Ͻ 0.003) and reached a level comparable to wild-type Stat5b from B6 mice (Fig. 6C and  D) . Therefore, Crkl appears to be able to rescue the DNA binding deficiency of the mutant Stat5b in NOD mice, and our data strongly argue for a cooperative role for Crkl in Stat5b DNA binding.
DISCUSSION
This study provided confirmatory evidence that the Stat5b mutation in the NOD mice has weaker DNA binding affinity toward the Stat5b consensus sequence. More importantly, we provided evidence that NOD is deficient in the levels of the adapter molecule Crkl encoded by the Crkl gene on chromosome 16. Using NOD congenic mice that contain the chromosome 11 interval from B6 (NOD.Lc11) and the B6 congenic mice that contain a chromosome 11 interval from the NOD (B6.NOD-C11), we demonstrated that the DNA binding affinity of Stat5b is correlated with the Stat5b mutation and also the expression level of Crkl. Furthermore, the Crkl expression level is determined by the chromosome 11 interval as well as the rest of the genome.
In Crkl is a member of the Crk family with high homology in the SH2/SH3 domains and a similar overall structure. The Crk family of proteins are linked to multiple signaling pathways in different cell types. These proteins function as adaptor molecules, which serve to bridge two or more interacting proteins using their binding domains. Crk proteins are involved in the early steps of lymphocyte activation through their SH2-mediated transient interaction with signal-transducing molecules, such as Cbl, ZAP-70, Cas-L, and Stat5.
T-cells play a critical role in mediating the destruction of pancreatic islet ␤-cells as transfer of diabetic T-cells into young NOD mice or NOD/scid mice can rapidly transfer disease (14, 15) . It has been suggested that type 1 diabetes can be inhibited at the level of development and/or activation of diabetogenic T-cells (16) . Thymic and peripheral T-cells from NOD mice exhibit a proliferative hyporesponsiveness upon crosslinking of the T-cell receptor (TCR)/ CD3 complex (17, 18) . This T-cell hyporesponsiveness is genetically inheritable and is thought to be mediated by the reduced secretion of both interleukin-2 and interleukin-4 (18 -20) as well as a defect in the protein kinase C/ras/mitogen-activated protein kinase T-cell activation signaling pathway (17) . The patterns of unresponsiveness and lymphokine secretion seen in anti-TCR/CD3-activated NOD thymic T-cells has also been observed in activated NOD peripheral spleen T-cells (19) .
Engagement of TCR initiates signal transduction involving tyrosine phosphorylation of multiple effector molecules and the formation of multimolecular complexes at the receptor site. Our data suggest that the defect in NOD mice at the TCR-mediated signaling level could be due to the low levels of Crkl in NOD mice since Crk proteins are an established component in the plasma membrane scaffold of the T-cell signal transduction complex. The Crk adapter proteins are assumed to play a role in T-cell activation because of their induced association with tyrosine-phosphorylated -chain associated protein (ZAP-70) and Cbl and with the phosphatidylinositol 3-kinase regulatory subunit, p85, following engagement of the T-cell antigen receptor (21, 22) . Crk, ZAP-70, and p85 interact with tyrosine-phosphorylated Cbl, which serves as a major scaffold protein in activated T-cells. T-cell activationdependent conformational changes in Crk and/or p85 promote an initial direct or indirect low-affinity interaction between the two molecules, which is then stabilized by a secondary high-affinity interaction mediated by direct binding of the Crk-SH3(N) to the p85-PBP domain (22) . The insulin receptor substrates play important roles in signal transduction emanating from the insulin and insulinlike growth factor-I receptors. Insulin receptor stably recruits full-length Crk by association with its SH2 domain in an autophosphorylation-dependent manner (23) . Thus, an impaired Crk expression in NOD mice could lead to dysregulation of Crk-associated function in diabetogenic T-cells due to a defect in the signaling pathway of T-cell activation.
Autoreactive T-cells are normally deleted in the thymus through apoptosis, and defects in lymphocyte apoptosis may lead to autoimmune disorders. Thymocytes and peripheral lymphocytes in NOD are relatively resistant to various apoptosis signals (24, 25) . We have shown in this study that mice carrying substantial levels of Crkl are diabetes resistant while NOD mice with impaired Crkl expression are susceptible to diabetes. Thus, the reduced level of Crkl could contribute to the apoptosis resistance and the escape of diabetogenic T-cells from apoptosis observed in NOD. Finally, it is important to stress that type 1 diabetes is caused by a multitude of defects and that Crkl may lead to multiple functional defects, including the exacerbation of the weaker binding ability of the mutated Stat5b and defective T-cell signaling. 
